Abstract-The superconducting dipole magnets wound with HTS wires have been developed for a magic-angle-spinning NMR. The magnetic field of the dipole magnets is tilted from z-axis. Since the highly homogeneous magnetic field is required, the magnetic field of the dipole magnets is necessarily compensated by passive and/or active shimming. However, the compensation of all the components has not been reported. Usually, due to the axial symmetry of a solenoid magnet, only z component of the magnetic field is homogenized. In this paper, all the x, y, and z components of the magnetic field generated by the superconducitng dipole magnet are compensated because of the tilt from the z-axis.
I. INTRODUCTION
W HEN a superconducting magnet generating highly homogeneous magnetic field, such as MRI and NMR, is designed, it is necessary to compensate a magnetic field around the center with passive and/or active shimming [1] . Passive shimming is often employed to compensate the magnetic field using some pieces of iron. Since the magnetic field homogeneity of a few PPM is required around the center of the MRI/NMR magnet, the spherical harmonics series expansion of the magnetic field is calculated on the design stage [2] , [3] .
Commonly, a magnet for MRI/NMR is axially symmetric. Therefore, only the z component of the magnetic field is considered to be compensated [4] . When the magnetic field is compensated with passive shimming, the z component of the magnetic moment of correction iron is also considered so that only the z component of the magnetic field is homogenized around the center. In recent years, some kinds of MRI/NMR magnets whose shape is axially asymmetric have been developed but generate a homogeneous magnetic field in the z-direction [3] , [5] . The generated magnetic field is also axially asymmetric; therefore, all the components of the center magnetic field have to be compensated by shimming.
In the shimming, although all the components of the magnet moment of the correction iron piece also have to be considered, the coefficients of the spherical harmonics series expansion in only the z-direction magnetic field is eliminated. However, recently, a newly developed MRI/NMR magnet generates a tilted magnetic field, such as a magic-angle-spinning NMR [5] . Therefore, it is necessary to eliminate the coefficients of the spherical harmonics expansion of all the magnetic field components, that are generated by all the components of the magnetic moment of correction iron pieces. Consequently, we calculated the spherical harmonics coefficients of all the magnetic field components for all the magnetic moment components. That is, we derived the equations to calculate all the components of the magnetic field around the magnet center, that are generated by a correction iron piece, using the spherical harmonics series expansion for passive shimming. Using an optimization method, the passive shimming was tried for eliminating the coefficients of the spherical harmonics series expansion of all the magnetic field components for the design of the magic-anglespinning NMR.
II. SHIMMING METHOD

A. Spherical Harmonics Coefficients by Line Current
The line current dI at the point P generates the magnetic vector potential dA at the point Q as follows:
where μ 0 and R are the permeability of free space and the distance between the points P and Q. The magnetic field generated by the current B c is derived from
The spherical harmonics function gives
where ε m , P m n , r, and r 0 are the Neumann factor (ε m = 1 if m = 0, otherwise ε m = 2), the associated Legendre function, the distance from the origin to the points P and Q, respectively. The angles α, θ, ψ, and φ are shown in Fig. 1 . Consequently, substituting (1) and (3) into (2), we can derive where
and i x , i y , and i z are the unit vector in the x-, y-, and z-direction, respectively. The coefficients C c and D c are obtained from the numerical integration with respect to the line current when the coil shape is axially asymmetric, such as a dipole magnet.
When the main magnet is tilted from the z-axis, the spherical harmonics coefficients can be easily transformed using the method presented in [6] .
B. Spherical Harmonics Coefficients by Magnetic Moment
The magnetic field generated dB s at the point P is obtained from
where dΦ is the magnetic flux. The magnetic flux dΦ generated by the magnetic moment dm at the point Q is given by
Here, the dimension of the correction iron piece is given in Fig. 2 . With the assumption of the constant magnetic moment dm = (dm ρ , dm φ , dm z ) in cylindrical components, we can obtain the following equation from (6) and (7)
Consequently, substituting (3) into (8), we can derive where
The coefficients C s and D s are obtained from the numerical integration with respect to the volume of the correction iron piece and shown in [7] .
C. Shimming Method
For homogenizing the magnetic field around the center, the coefficients C c and D c are compensated with the coefficients C s and D s . That is
with n ≥ 1 has to be satisfied. In the passive shimming, the configuration of the correction iron pieces is optimized to eliminate the the coefficients C c and D c by adding the coefficients C s and D s by the micro genetic algorithm (μGA) [8] . Fig. 3 shows the flowchart of the μGA for shimming. The magnetic moment dm in the cylindrical components is computed by the magnetic moment method.
III. PASSIVE SHIMMING OF MAGIC-ANGLE-SPINNING NMR
A. Dipole Magnets and Passive Shimming
The HTS dipole magnets have been developed and manufactured for the magic-angle-spinning NMR [5] . Fig. 4 shows the schematic view of the dipole magnets. The 1.25 T magnet field generated by the HTS dipole magnet has to be tilted 54.74 deg. in y-z plane. Table I shows the spherical harmonics coefficients of the magnetic field generated by the dipole magnets, however n ≤ 4.
The μGA optimizes the configuration of the correction iron pieces. The design region of the correction iron pieces is subdivided into radially 2 × circumferentially 72 × heightwise 36 segmental elements. The μGA decides whether the iron piece exists in a segmental element or not, like a topology optimization [9] . The following objective function F is minimized
where w(n) is a weight function of 10 −2n . The objective function F = 1.275 × 10 −3 before the passive shimming. Table II shows the spherical harmonics coefficients of the correction iron pieces. Figs. 6 and 7 show the absolute value of the nonzero spherical harmonics coefficients of n = 2 and n = 4, respectively. Where as the total values of the spherical harmonics coefficients with n = 2 are effectively reduced as shown in Fig. 6 , those with n = 4 are not vanished at all as shown in Fig. 7 . Actually the value of C y (4, 0), C z (4, 0), and D z (4, 1) remains largely. It is necessary to decide the weight function carefully to reduce the spherical harmonics coefficients wholly. Although the coefficients of the spherical harmonics with n = 4 could not be reduced effectively, the homogeneity around the center is evaluated. Table III presents the inhomogeneity of the magnetic field within the sphere of 10 mm diameter. The homogeneity is enhanced by the passive shimming. All the components of the magnetic field are simultaneously homogenized in this paper, although only z component of the magnetic field are considered hitherto. However, only the passive shimming does not adequately improve the homogeneity. It is necessary to combine the active shimming.
B. Passive Shimming Result
IV. CONCLUSION
We have tried to do the passive shimming to the dipole magnets for the magic-angle-spinning NMR. So far only z component of the magnetic field is homogenized, however all the components of the magnetic field are homogenized simultaneously. In the proposed passive shimming method, the spherical harmonics coefficients of all the components of the magnetic moment generated by the correction iron pieces are calculated, and the configuration of the correction iron pieces are optimized by the μGA in order to eliminate the spherical harmonics coefficients of the dipole magnets. The magnetic moment of the correction iron pieces is computed by the magnetic moment method.
Although the homogeneity of the magnetic field is improved to 35.6 ppm, it is necessary to employ the active shimming as well as the passive shimming for improving the magnetic field homogeneity more.
